In this paper, I show that the intensity through which intermediate goods are used in the production process a¤ects aggregate total factor productivity (TFP). To do this,
Introduction
Intermediate goods represent an important production input in most sectors of industrialized economies. In the U.S., for a given amount of nominal GDP, roughly an equivalent amount of intermediate goods is delivered to intermediate demand. 1 Despite this fact, growth and business cycle models usually consider capital and labor as the only inputs. In these models, the supply side of the economy is represented by an aggregate value added production function in capital and labor inputs. This procedure is justi…ed by the double nature of intermediate goods which are both output and input in production and cancel out in aggregate accounting relationships. 2 Important exceptions to this practice in the real business cycle literature are Long and Plosser (1983) and Horvath (2000) , who show how sectorial shocks can spread through an input-output structure and give rise to aggregate total factor productivity (TFP) ‡uctuations. These models point out that the linkages among sectors, represented by intermediate goods, contribute to determine aggregate TFP movements. Despite these results and the current debate on the sources of aggregate TFP growth, few attempts have been made to study the relationship between intermediate goods utilization and aggregate TFP growth. 3 In this paper, I show that standard measures of aggregate TFP depend on the amount of intermediate goods per-unit of gross output used in production. For this purpose, I
construct an input-output model economy in which …rms produce gross output by means of a production function in capital, labor and intermediate goods. This production function is 1 Intermediate goods include raw materials, energy, components, …nished goods and services. They are classi…ed by use, as in the input-output tables, and not by type of good. 2 Jorgenson, Gollop and Fraumeni (1987, p. 6), for instance, describe aggregate value added as follows: "Aggregate output is a function of quantities of sectorial value-added and sums of each type of capital and labor input over all sectors. Deliveries to intermediate demand by all sectors are precisely o¤ set by receipts of intermediate input, so that transactions in intermediate goods do not appear at the aggregate level."
3 Among these attempts see Ciccone (2002) and Jones (2007) , which are discussed below in the text. For recent papers that build theories of TFP see, among others, Parente and Prescott (1999) , Levine (2001, 2007) , Herrendorf and Teixeira (2005) , Castro, Clementi and MacDonald (2006), Lagos (2006) , Restuccia and Rogerson (2008) and Guner, Ventura and Xu (2008) . subject, together with the standard capital and labor augmenting neutral technical change, to a particular type of biased technical change, called intermediates-biased technical change.
In this paper, positive (negative) intermediates-biased technical change implies a decline (increase) in the elasticity of gross output with respect to intermediate goods. 4 In turn, this implies a decline (increase) in the amount of intermediate goods used to produce one unit of gross output in equilibrium. 
Related Literature
This paper is related to the literature that combines general equilibrium models and inputoutput structures. As mentioned above, Long and Plosser (1983) and Horvath (2000) construct similar models to study how sectorial productivity shocks aggregate and create business cycle ‡uctuations. Bruno (1984) shows that an increase in the price of intermediate goods used in a given sector is equivalent to a Hicks-neutral negative technological shock in the value added production function of that sector. He points out that the increase in the price of raw materials can account for the productivity slowdown occurred in the U.S.
manufacturing sector in the seventies. Ciccone (2002) analyzes the e¤ect of industrialization 5 The dataset is freely downloadable at http://www.euklems. 3 The Model
Household
There is an in…nitely lived representative household, endowed with one unit of labor services each period. Every period, given the current capital stock owned, the household makes optimal decisions on the amount of labor services to sell to …rms, on how much to consume and on how much to invest in capital. The formal problem is
subject to p t C t + p t I t = w t n t + r t k t , and
where C t is consumption, n t is the amount of labor services sold to …rms, k t is the capital stock, I t is investment, w t , r t and p t are the wage rate, the rental rate of capital and the price of consumption and investment in terms of a given numeraire, 2 (0; 1) is the depreciation rate of the capital stock, 2 (0; 1) is the subjective discount factor and > 0 is a preference parameter that measures the importance of leisure relative to consumption.
The …rst order conditions for the household problem deliver the following relations
and
Equation (2) is the standard Euler equation. It equates the value of one unit of investment priced at the marginal utility today, 1=C t , to the return on investment, [r t+1 =p t+1 + (1 )], priced at the marginal utility tomorrow, 1=C t+1 , and discounted by . Equation (3) simply equates the marginal rate of substitution between labor and consumption to the wage rate in consumption terms.
Firms
There is a continuum of …rms in the economy, indexed by i 2 
where 2 (0; 1). I allow for two types of technical change in (4): one is the neutral technical change, embodied in capital and labor, and driven by changes in A; the second is the intermediates-biased technical change, driven by changes in . Both A and are assumed to exogenously change over time, with 2 (0; 1) always.
Firm i in this economy solves
where p is the price of gross output in terms of the numeraire. As the problem of the …rm is static, I avoid time subscripts to save notation. For each …rm, the set of available Given the Cobb-Douglas form of the production function (4), the …rst order condition of (5) with respect to intermediate goods delivers the following condition
Equation (6) Using (6) to substitute for M i in (4), I obtain
In equilibrium, each …rm's gross output is a function of capital, labor and the neutral and intermediates-biased technical change variables, A and . Aggregate intermediate goods M
and aggregate gross output Y can then be found by integrating (6) and (7) over the
N i di as the total amounts of capital and labor used in production in the economy, and observing that in equilibrium the capital/labor ratio is the same for all …rms (so that 
The amount of real value added is determined by the amount of capital and labor used in the production process and the levels of neutral and intermediates-biased technical change variables, A and . In a standard growth accounting exercise, measured TFP is given by
Thus, measured TFP depends both on neutral and intermediates-biased technical change.
In particular, from (8)
where B = (1 ) 1 is a decreasing function of . This is plotted in …gure 1. It follows that the model displays a negative relationship between measured TFP and the level of . 6 In equilibrium, is equal to the share of intermediate goods in gross output production. In many industrialized countries, this share lies between 0:4 and 0:6. Note that a change in from 0:6 to 0:4 implies an increase in B, and consequently in measured TFP, of 75%. Table 1 reports the average over the 1970-2004 period for a set of countries in the KLEMS dataset and the corresponding value for B. The U.S. display the smallest value of , 0.44, while
Belgium displays the largest, 0.57. These values imply that the function B is 40% larger in by the function B alone, the U.S. would be the most productive country and Belgium the least productive. This suggests that measured TFP levels across countries might display large di¤erences even when neutral technical change A is the same.
As changes, there are two e¤ects on measured TFP. Too see this, note that measured TFP can be written as
The …rst term on the right hand side of (11) represents capital and labor joint productivity in gross output. By using the expression for aggregate gross output,
is always equal to A 1 in equilibrium, with this function decreasing in . Thus, when declines with positive intermediates-biased technical change, the production function (4) implies that capital and labor become more productive in gross output. This, in turn, implies that the aggregate (gross) production possibility of the economy, given aggregate capital and labor, is larger when the production technology is less intensive Table 1 in intermediate goods.
When decreases there is also an e¤ect on the second term on the right hand side of (11), which represents the relative utilization of intermediates with respect to capital and labor.
When decreases, the weight of intermediates in the production function (4) decreases, while the weight of capital and labor increases. Other conditions equal, the …rm is willing to use more capital and labor and less intermediate goods in the production process. Thus, the second ratio on the right hand side of (11) decreases when becomes smaller. Using the expressions for aggregate gross output and aggregate intermediate goods, it can be shown that the second ratio on the right hand side of (11) is always equal to A , which is increasing in .
Thus, the two e¤ects, on capital and labor joint productivity in gross output and on the relative utilization of the inputs move in the same direction so that a decrease in increases capital and labor joint productivity (measured TFP) in value added. The sum of the two e¤ects is A 1
Finally, note that measured TFP is linear in A in (10) . The result is in contrast with the standard view, which suggests that an increase in productivity in one sector spreads to other sectors through the input-output matrix, creating a multiplier e¤ect on aggregate measured TFP. 7 The di¤erence results from the way A enters into the production function. 
Market Clearing
Market clearing in the capital and labor markets requires that the amounts of capital and labor supplied by the household be equal to total capital and labor used in the production process k t = K t and n t = N t .
7 See Hulten (1978), Ciccone (2002) , Jones (2007) and Gabaix (2008) . 8 Jorgenson, Gollop and Fraumeni (1987), p. 202, Table 6 .8, write "growth in input (intermediates) quality is not an important source of growth in intermediate goods", "growth in capital input quality is an important but not predominant source of growth in capital input" and …nally "growth in the quality of hours worked is a very important source of growth in labor input".
In the goods market, the supply side must satisfy
i.e., gross output must be equal to the sum of value added and intermediate goods. 9 On the demand side the following holds
i.e., gross output is the sum of consumption, investment and intermediate goods demands.
Equations (13) and (14) imply that
which is the usual accounting relationship that equates, in the absence of government expenditure, value added to consumption plus investment. The available amount of labor services is one each period. The equilibrium of this problem is equivalent to that of the economy described in the previous subsections, once labor is excluded from the utility function and exogenously …xed to one. 10 The production function 9 As the price of gross output, value added and intermediates is the same, (13) holds both in nominal and in real terms. 10 Although the result is the same as in the case with a continuum of identical …rms, in the model with the representative …rm the source of intermediates becomes unclear. Thus, for exposition purposes, the model with a continuum of …rms was preferred in the previous subsections. A possible interpretation of the representative …rm is the following. In a …rst stage of production the …rm uses capital and labor to produce intermediate goods. In a second stage, these intermediates are combined with capital and labor to produce value added. The per capita value added production function can be represented by v = A 
Steady State
where all variables, consumption c t , capital k t and intermediate goods m t are in per capita terms. As before, is the depreciation rate and the subjective discount factor while A t and t represent the neutral and the intermediates-biased technical change variables. For given A and , a steady state for this economy can be found. The steady state per capita capital of this economy is
Details of the calculations are reported in Appendix A. With respect to the standard one sector growth model, the steady state per capita capital depends also on B = (1
It follows that the higher , the lower k . Figure 2 Together, these data suggest that the slowdown observed in measured TFP might be due to negative intermediates-biased technical change. To quantify this e¤ect, I use the model presented in section 3 to compute the average yearly growth rate of neutral technical change A, from the data. Using the empirical counterpart of formula (10), this is given by
where T F P is the yearly average growth rate of measured TFP and B the yearly average growth rate of B. Both T F P and B can be computed directly from the data and A is then obtained from (17) . Table 2 reports T F P , B and A for di¤erent sub-samples. The growth rate of measured TFP, T F P , is calculated as in a standard growth accounting procedure using data for capital, labor and value added. 12 Its yearly average is virtually zero during the last ten years of the sample. A standard model in capital and labor would attribute this to a slowdown in neutral technical change. Instead, when neutral technical change growth is calculated using (17) To conclude this section, it is worth mentioning that the share of intermediate goods in gross output can be also interpreted as a measure of the amount of "o¤shoring" per- 12 See Appendix B for details of the calculations of T F P and B . 13 Note that the increase in the relative price of intermediates occurred between the mid-seventies and the mid-eighties does not a¤ect the quantitative results in Table 2 . In fact, this relative price is the same in 1970 and in 1994. This implies that, regardless of the movements in the relative price between 1970 and 1994, the change in the relative quantity of intermediates over gross output observed in 1994 relative to 1970 is due only to intermediates-biased technical change.
formed by the …rms in the economy. Indeed, when …rms decide to delegate the production of some intermediate goods to external production units (that is, …rms o¤shore a part of the production process), the share of intermediate goods in gross output observed in the data increases. However, as pointed out in the o¤shoring literature, this decision can be interpreted as technical change in the production of …nal goods.
14 This view is consistent with the model presented here, where the change in the share of intermediate goods follows from a (biased) change in technology. The incentive to o¤shore can be high for the single …rm but it can imply a reduction in aggregate measured TFP. In Italy, for instance, …rms
have an incentive to remain small because of the labor legislation. 15 It follows that a …rm might …nd more pro…table to buy intermediates from a less e¢ cient external …rm than to produce the intermediate itself at a higher level of e¢ ciency.
Conclusions
This paper provides a theoretical framework that shows how intermediates-biased technical change can a¤ect measured TFP growth together with neutral technical change. A simple input-output model is used to make this point. Ceteris paribus, when positive intermediatesbiased technical change lowers the elasticity of gross output with respect to intermediate goods, the production process becomes more intensive in capital and labor and less in intermediate goods and measured aggregate TFP increases. In the model, this e¤ect shows up trough a function that depends only on the elasticity of output with respect to intermedi-
ates that explicitly appears in the TFP de…nition of the aggregate value added production function. It follows that the e¤ect of intermediates-biased technical change on measured TFP can be computed using data on the share of intermediate goods in gross production, which is equal to the elasticity of gross output with respect to intermediates in equilibrium.
A 
First order conditions for this problem deliver the following relationships
In steady state, t = , A t = A; k t = k, m t = m, and c t = c, 8 t. 16 Real value added is a chain-weighted Fisher quantity index in which the base year is given by the previous year. As the product of the quantity and price
Fisher indices is equal to the nominal value of the series, this procedure is equivalent to de ‡ating nominal value added by the chain-weighted Fisher price index. The formula for real value added is then
where V
Las t
is the Laspeyres chain-weighted quantity index and V
P aa t
is the Paasche chainweighted quantity index, given by
, and The series for aggregate labor services is available in the KLEMS dataset. This is constructed in the following way. Series for labor services in each sector are constructed using the methodology described in Jorgenson, Gollop and Fraumeni (1987) . These series re ‡ect the amount of labor services instead of the total number of hours worked. Growth of labor services in a given sector j is given by
where 
where each ln N jt is obtained from (22) , n jt represents the last two periods average of the labor share of sector j in aggregate labor compensation and I is the number of sectors considered.
The series for aggregate capital services is also available in the KLEMS dataset. This is constructed as follows. For each sector, the series for each capital asset is constructed using the perpetual inventory method. In particular, the stock of capital of asset i at t is given by
where I i;t is investment in that asset at time t and i is a constant asset speci…c depreciation rate. Aggregation across types of asset in a generic sector j is done in a fashion similar to that of labor
where each ln K jt is obtained from (25) , k jt represents the last two periods average of the capital share of sector j in aggregate capital compensation and I is the number of sectors considered. 18 The average yearly growth rate of T F P t , T F P is obtained from the growth factor over the period considered, 1 + x T F P , as
where T is the number of years.
The aggregate intermediate goods share in gross output is calculated as I construct the series for B t using IGS t (which is the empirical counterpart of t ),
The average yearly growth rate B is then found using the formula
where 1 + x B is the growth factor of B t over the sample period and T is the number of years.
The average yearly growth rate A is then found from (17) . To …nd the price indices of intermediate goods and gross output it is su¢ cient to divide the nominal amount at the aggregate level by the chain-weighted quantity index (31) and (32).
To …nd the relative price of intermediate goods with respect to gross output I take the ratio of the series so obtained. This is the series reported in the second panel of …gure 3.
